 This paper presents an analytical method to calculate path scallop height during free-form surface machining with flat-end cutter in five-axis milling. In this study the effect of lead angle and tilt angle were taken into consideration in the calculation. The scallop height was determined from the coordinate of the path intersection point. Path intersection point is an intersection between the cutting tool of the current tooth path and the previous tooth path. One model part with free-form surface was tested to verify the validity of the proposed method, the result proved that the method was accurate.
INTRODUCTION
Multi-axis CNC milling is a key technology in machining a complex part with free-form surface. Application can be found in the milling of dies and mold, jet engine parts, pump blade, and biomedical parts. Technically, machining a small part will only take a few minutes in overall mass production, while dies, molds and aerospace parts in fact may take several days of machining when accuracy, precision and productivity become a critical factor in the economic survival of the manufacturing industry.
Selecting a milling cutter is not a simple task. There are many variables that need to be considered. But essentially the machinist is trying to choose a tool that cut the material to the required specification for the least cost. Many types of cutting tool geometry that can be used in five-axis milling operation. Among them, however, three cutting tool types in term of geometry are commonly used: flat-end cutting tool, toroidal cutting tool and ball-end cutting tool. These types of tools have been studied for the effectiveness in the machining of sculptured surfaces [1] [2] [3] . Flat-end milling is more desirable than ball-end milling since it offers many advantages such as larger machining width, higher material removal rate and less machining time [2] .
Several studies [4] [5] [6] [7] developed model for calculating the scallop height for ball-end mill to achieve optimal tool path. Meanwhile several researchers [8] [9] [10] investigated the effect of both inclination and tilt angle to the scallop height in five-axis milling. The studies showed that, with the same tool inclination angle, a flat-end tool results in the smallest scallop height compared with a toroidal and a ball-end tools. The scallop height does not vary with the inclination angle when cutting using a ball-end tool, while it is significantly reduced for a toroidal tool at small inclination angles. In more detail, a flat-end tool even gives more scallop height reduction than the toroidal tool with the same inclination angle. The higher the corner radius of a toroidal tool, the higher the scallop height is, and vice versa.
Numerous works have been devoted to calculating the scallop height during free-form part machining. Some researchers [11] [12] [13] [14] [15] have performed the study on the effectiveness of flat-end cutter in the machining of curved surfaces. The scallop height from inclined flat-end cutter were defined analytically by approximating the profile of the tool to an ellipse of radius. However, mathematically, the shape of swept curves (SV) of inclined flat-end cutter can not be accurately determined by parametric equation of an ellipse.
This paper presents an analytical method to calculate the scallop height of flat-end cutter that is produced by predefined tool path in multi-axis milling. The coordinate of intersection point was calculated by mapping the parametric equation of flat-end cutter from tool coordinate system to workpiece coordintae system.
SCALLOP HEIGHT CALCULATION
In five-axis machining, the tool can be rotated in any direction. Part with sculptured surfaces can be machined efficiently by controlling the tool to move and rotate dynamically with respect to the part surface normals (curvatures). For the purpose of analytical representation of moving surface generation of the cutting tool, appropriate operators of the coordinate system transformations are required. Therefore two coordinate systems as illustrated in Figure 1b are employed to represent the position and orientation of the cuttng tool. They are workpiece coordinate system (WCS) which is the reference coordinate frame and tool coordinate system (TCS). To calculate the coordinate transformation, it should be related to a specific machine kinematics. WCS is a fixed framed which is represented by the basis vector x, y, z, while TCS are denoted by u, v, w. The tool inclination angle (), or in some other references called as lead angle, and screw angle (), or also called as tilt angle, are normally used when a sculptured surface part is machined by five-axis milling. They are the angle formed by TCS and WCS as illustrated in Figure 1b . The surface of a flat-end cutter, is considered as a cylindrical surface, as can be seen in Figure 1 , and is defined by a parametric equation as follows,
where is the radius of cutting tool, is the tool rotation angle or the engagement angle and is the distance of a point on the cutting edge, which is measured from the bottom of cutting edge, and used to calculate the length of cut. Due to the cutter location (CL) data and the workpiece surface information are provided in the workpiece coordinate system (WCS), the cutter surfaces are transformed from the TCS to the WCS.
Where [M] is a mapping operator which is involving the tool rotation about x-axis ( ) and y-axis ( ), and also translation at . Where is the instantaneous cutter location point (Cl-point) which is located at the bottom center of cutting tool. The mapping operator is given by:
The equation to obtain the intersection point between the curve of the current cutting path (curve 1) and the curve of adjacent cutting path (curve 2), which is called path intersection point ( ) are derived by referring to Figure 1b and Figure 1c . Since the tool has the same orientation relative to WCS, the intersection point is located in the middle of point 1 and 2 . The distance of intersection point to CC-point ( ) is calculated by,
The coordinate of intersection point between two curves, ( , , ), can be defined after the engagement angle ( ) is obtained. Because the intersection point is located in the middle of 1 and 2 , then both curves have the same engagement angle. By assuming that the feed motion in -direction, then 1 ( ; 1 ; 1 ) = 2 ( ; 2 ; 2 ) , where 1 is the equation for the intersection point using parametric equation of and curve 1 and 2 is the equation for the intersection point using parametric equation of curve 2. 1 and 2 were determined using Eq.2.
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IMPLEMENTATION AND DISCUSSION
Based on the formulae derived in the previous section, a simulation program using Matlab has been developed. In this section, the proposed method was verified for a model test as can be seen in Figure 2a . The verification was performed using high feedrate. It was aimed to get high scallop so that the verification can be performed easier. The feedrate was set 1 mm/tooth.
A two teeth flat-end cutter with diameter 12.5 mm was used as the cutting tool. The tool was set with inclination angle of 1 o and the step over was 8 mm. Using the developed simulation, the the coordinate of the intersection point can be calculated and hence the scallop height can be determined. The scallop height of every CC-points for one tool rotation that were calculated using the proposed method are presented in Figure 2b . For a verification purpose, the scallop height calculated using the proposed method was compared with those measured using Siemens-NX. The coordinate of intersection point was checked from the extraction model of the cutter and workpiece model intersection. The extraction model was obtained by putting the cutter model at the instantaneous CC-point and adjusting its orientation. After that, the intersection between the workpiece model and the tool model can be extracted as shown in Figure 3a . Once the extraction model is obtained, the coordinate of intersection point (I) can be checked and finally the scallop heigth can be measured. The path scallop height for every CC-points in one tool rotation were verified and the results are shown in Figure 2b . It shows that all the tests produced relatively small errors (i.e., generally less than 10%). Figure 3 shows the final part obtained using manufacturing in Siemen-NX. From this figure can be seen that the path scallop in the range of measured and calculated scallop height, therefore it confirm the accuracy of the proposed model. 
CONCLUSION
In this study, an analytical method to calculate the path scallop of flat-end cutter during free-form surface machining was developed. The primary contribution of the study are:
1. The proposed method is applicable to calculate the path scallop of free-form surface machining with flat-end cutter.
2. The verification test proved that the method is accurate. A comparison test showed that the calculated scallop height has a good agreement with scallop height measured using extraction model in Siemens-NX.
